Signal transducers and activators of transcription (STATs) are latent, cytoplasmic transcription factors. Janus kinases (JAKs) and activated CDC42-associated kinase-1 (ACK1/TNK2) catalyse the phosphorylation of STAT1 and the expression of its target genes. Here we demonstrate that catalytically active ACK1 promotes the phosphorylation and nuclear accumulation of STAT1 in transformed kidney cells. These processes are associated with STAT1-dependent gene expression and an interaction between endogenous STAT1 and ACK1. Moreover, the E3 ubiquitin ligase seven-in-absentia homolog-2 (SIAH2), which targets ACK1 through valine-909 for proteasomal degradation, attenuates the ACK1-STAT1 signalling node. We further show that ACK1 promotes the phosphorylation and nuclear accumulation of STAT3 in cultured cells and that the levels of ACK1 correlate positively with the levels of tyrosine phosphorylated STAT3 in primary lung adenocarcinoma (ADC) cells. Global analysis of ACK1 interaction partners validated the interaction of ACK1 with heat shock protein 90 (HSP90α/β). Inhibition of this chaperone with the novel drug Onalespib (AT13387) demonstrates that HSP90 is an upstream regulator of the ACK1-dependent phosphorylation of STAT1 and STAT3. In addition to these molecular insights, our data offer a pharmacological strategy to control the ACK1-STAT signalling axis.
Introduction
Mammalian cells express the seven STAT family members STAT1, −2, −3, −4, −5A, −5B, and −6 [1, 2] . All STATs exert physiologically important roles as homo-and heterodimers [2] [3] [4] . Cytokines and growth factors activate STATs through the activation of kinases that phosphorylate serine and tyrosine residues in the C-terminal domains of STATs [2, 5] . Additional posttranslational modifications critically control the activity of STATs [3, [6] [7] [8] [9] .
Tyrosine phosphorylation is the best-characterized and most activating posttranslational modification of STATs. Upon binding of a cognate ligand to its receptor, receptor-associated JAKs (JAK1-3 and TYK2) catalyse the phosphorylation of STATs. This leads to an avid interaction between the phosphorylated tyrosine and the Src homology-2 (SH2) domains of two STAT molecules and the nuclear import of such dimers [1, 2] . These attach to specific chromatin regions, where they recruit the transcription machinery to activate gene expression [1, 2, 6] . The N-terminal domains of STATs confer a weaker, but detectable interaction of STATs in vivo [2] [3] [4] .
Recent evidence shows that ACK1 is a further kinase that can induce the tyrosine phosphorylation of STAT1 and subsequent STAT1-dependent gene expression in liver cells [10] . Like JAKs, ACK1 is a mammalian non-receptor tyrosine kinase that contributes to important physiological processes and to severe human diseases including cancer [11] . Cytokines like epidermal growth factor and platelet-derived growth factor as well as integrin β1 activation are among the stimuli that promote the phosphorylation-dependent activation of ACK1 and subsequent downstream signalling [12] .
Various pathways control the stability of ACK1. These include lysosomal and proteasomal degradation pathways that involve the E3 ubiquitin ligases neural-precursor-cell-expressed, developmentallydownregulated and the seven-in-absentia homologues SIAH1/SIAH2, respectively [11] [12] [13] [14] . HSP90β also regulates the activity of ACK1 and its pro-tumourigenic functions [15] .
ACK1 phosphorylates and activates STAT1 in liver-derived cells [10] , but it has not been resolved which regulators of ACK1 modulate this effect. Furthermore, ACK1 might also phosphorylate other STATs.
Here we demonstrate that catalytically active ACK1 induces the tyrosine phosphorylation of STAT1 and STAT3. We additionally show that active HSP90 is required for the ACK1-dependent phosphorylation of STAT1/STAT3 in cultured human cells. Furthermore, our data suggest that ACK1 phosphorylates STAT3 in primary lung cancer samples.
Material and methods

Cell lines
The human embryonic kidney cell line HEK293T was maintained in DMEM containing 2 mM L-glutamine, 10% foetal calf serum (FCS) and 1% penicillin/streptomycin in a humidified incubator at 37°C and 5% CO 2 . For Stable Isotope Labelling by Amino Acids in Cell Culture (SILAC), cells were cultured in media containing L-arginine (13C6 15 N4) and L-lysine (13C6 15 N2) (Cambridge Isotope Laboratories) as described previously [16] . Every 4-8 weeks all cell lines were verified to be free of mycoplasma contamination by PCR.
Drugs
Onalespib (AT13387), which blocks ATP binding and hydrolysis by HSP90, was prepared by direct amidation of 2,4-dihydroxy-5-isopropylbenzoic acid with 5-((4-methylpiperazin-1-yl)methyl)isoindoline trihydrochloride according to [17] . Using this benzotriazole methodology, the coupling reaction can be performed in a yield of 68%, without prior protection of the hydroxy substituents [18] . Doxorubicin was from Sigma-Aldrich, and for Interferon-α (IFNα) see [19] .
DNA constructs
MYC-tagged ACK1 constructs: wild-type ACK1 (MYC-ACK1wt), constitutively active (MYC-ACK1ca), SIAH-binding deficient ACK1 (MYC-ACK1V909G) and autophosphorylation-deficient ACK1 (MYC-ACK1kd) and HA-tagged wild-type SIAH2 (HA-SIAH2) are described in [13] .
Transfection assays
Turbofect transfection
HEK293T cells were transfected with different control and ACK1 and/or SIAH2 plasmids. The transfection was performed according to the manufacturer's protocol (Thermo Fisher Scientific).
Polyethylenimine (PEI) transfection
HEK293T cells were transfected with PEI (stock solution: 10 mM, Sigma-Aldrich) and different DNA constructs. 15 μL PBS were mixed with 2.7 μL PEI and incubated for 15-20 min at RT. Then a mixture of 15 μL PBS and 1 μg DNA was added to the PBS/PEI solution and further incubated for 30 min at RT. Then the whole mixture was added dropwise to the cells in serum-free DMEM medium without any supplements for transfection. After an incubation time of 4 h, the transfection medium was exchanged with DMEM containing FCS and antibiotics. Cells were cultivated for 48 h and used for further analyses.
Luciferase reporter assay
This assay was performed similarly as stated in [19, 20] . Fig. 1A : HEK293T cells were seeded into 24-well plates at 1 × 10 5 cells in 500 μL medium/well. 24 h later, cells in each well were transfected with 0.2 μg GAS-Luc reporter (GAS, Interferon-ɣ-activated sequence), 0.1 μg SV40-β-Gal and 0.2 μg MYC-ACK1wt, MYC-ACK1kd or Cellular Signalling 39 (2017) [9] [10] [11] [12] [13] [14] [15] [16] [17] with the empty vector pcDNA3.1 used to obtain equal amounts of transfected DNA with PEI. Fig. 1D : HEK293T cells were seeded as described above. Cells were transfected with 0.1 μg GAS-Luc, 0.05 μg SV40-β-Gal and 0.1 μg pcDNA3.1 or MYC-ACK1wt/ca/kd/V909G and co-transfected with 0.1 μg HA-SIAH2 with Turbofect. Fig. 3C : HEK293T cells were seeded into 12-well plates at 2 × 10 5 cells in 1 mL medium/well. Cells were transfected with 0.4 μg GAS-Luc, 0.4 μg pcDNA3.1 and 0.2 μg SV40-β-Gal with PEI. 24 h after transfection cells were treated with Doxorubicin (1 μM, 2/6 h; 2 μM, 24 h).
After a transfection period of 48 h the activity of the GAS-Luc reporter was measured and it was normalized to the constitutively expressed β-galactosidase activity. Samples of these cells were also used for immunoblot analyses. Luciferase reporter experiments were performed as triplicates.
Immunoblot
HEK293T cells were seeded into 100 mm dishes at a density of 2 × 10 6 cells in 10 mL medium. After 24 h, cells were transfected (Turbofect/PEI) with 10 μg pcDNA3.1/GFP, MYC-ACK1wt, MYC-ACK1ca for 48 h. Cells were harvested with trypsin and used to prepare whole cell extracts or cytoplasmic/nuclear extracts (see Section 2.7). Preparation of whole cell extracts, SDS-PAGE and immunoblotting are further described in [13, 21] .
Antibodies for immunoblot analyses were purchased from Abcam: α-Tubulin, ab176560; BD Pharmingen: PARP-1/556362; Cell Signaling Technology: p38/9212; pS139-H2AX/9718; Covance: HA.11 Clone 16B12/MMS-101P; Enzo Life Sciences: HSP90/ADI-SPA-830-F; Merck Millipore: pY284-ACK1/09-142; acetyl-Histone H3/06-599; Santa Cruz Biotechnology: ACK1/sc-28,336; β-Actin/sc-47,778; HSP90α/β/ sc-13,119; STAT1 p84/p91/sc-346; pY701-STAT1/sc-7988; STAT3/sc-482; pY705-STAT3/sc-7993-R; pY, phosphorylated tyrosine residue.
Preparation of cytoplasmic and nuclear extracts
HEK293T cells were transfected with GFP, MYC-ACK1wt and MYC-ACK1ca plasmids (Turbofect). After 48 h cells were harvested by trypsinization and washed with PBS. The cell pellets were frozen away at − 80°C. Following steps were performed on ice. The pellets were resuspended in 125 μL of lysis buffer A (10 mM HEPES-KOH (pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, 1 mM DTT, 1× protease-inhibitor-cocktail, 1 mM Na 3 VO 4 , 2 mM NaF). To resuspend the cells, the Eppendorf tubes were flicked with fingers. The samples were incubated for 15 min and then 12.5 μL 10% NP-40 were added to lyse all membranes, except the nuclear membrane. After 30 s vortexing the samples were centrifuged at 3.000 × g and 4°C. The supernatant, which represents the cytoplasmic fraction, was transferred into a new 1.5 mL Eppendorf tube.
The remaining pellet was resuspended gently in 500 μL isotonic buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl). After centrifugation, the isotonic fraction was discarded.
To prepare the nuclear fraction, the pellet was resuspended thoroughly in 45 μL lysis buffer B (20 mM HEPES-KOH [pH 7.9], 420 mM NaCl, 1.5 mM MgCl 2 , 0.5 mM EDTA, 25% glycerol, 1 × protease-inhibitor-cocktail, 1 mM Na 3 VO 4 , 2 mM NaF) by brushing the bottom of the tube along a steel rack. During the incubation time of 20 min, the samples were resuspended 3 times. They were centrifuged for 10 min at 20.000 × g and 4°C. This time the supernatant represented the nuclear fraction which again was transferred into a new Eppendorf tube. The samples were snap-frozen in liquid nitrogen and kept at −80°C until immunoblot analysis. For SDS-PAGE, 30 μL of cytoplasmic extracts and 10 μL of nuclear extracts were used.
For the experiment with AT13387, HEK293T cells were transfected (PEI) with pcDNA3.1 or MYC-ACK1ca for 24 h, then reseeded on 60 mm dishes (0.5 × 10 6 /3 mL) and subsequently treated with 0.5-1 μM AT13387 (10 mM stock solution) for 24 h. Cytoplasmic extracts were used for immunoblot analyses.
Immunohistochemistry (IHC) for ACK1 and phosphorylated STAT3 (p-STAT3) in ADC
The different samples were obtained from previously evaluated ADC formalin-fixed paraffin-embedded specimens via a Galileo TMA CK Series -HTS Tissue computer assisted TMA Microarray Platform (Integrated Systems Engineering Srl, Milan, Italy). The samples measured 2 mm in diameter and 4-6 mm in length, with previously performed H & E staining to verify the histology (similarly as reported in [22] ). IHC for ACK1 and p-STAT3 (104 ADC patients) was done as described in [23] . The protocol was performed according to the manufacturer's guidelines. Appropriate positive controls and negative controls were used. Samples were analysed using an Olympus BH-2 microscope. All samples were evaluated by a pathologist (K.S.; see Fig. 2B for representative samples). The average of the core stains was used to determine staining intensity.
Immunoprecipitation (IP) of STAT1
HEK293T cells were transfected (PEI) with pcDNA3.1, MYC-ACK1wt or MYC-ACK1ca. Another sample was treated only with 3000 U/mL IFNα for 30 min. It served as a positive control for STAT1 phosphorylation at Y701. 48 h after transfection, cells were harvested and lysed in NETN lysis buffer, which was supplemented with protease and phosphatase inhibitors. For IP of STAT1, 500 μg of whole cell extracts were used per condition. Sample volumes were adjusted to 500 μL with NETN buffer and incubated overnight at 4°C on a vertical rotator either with 0.5 μg IgG rabbit (negative control, sc-2027) or with 0.5 μg STAT1 (sc-346) antibody. For each sample (pcDNA3.1, MYC-ACK1wt, MYC-ACK1ca, IFNα) we prepared two aliquots, an IgG control, and a STAT1 IP aliquot. 24 h later, 50 μL protein sepharose G beads (4 Fast Flow, GE Healthcare) were added to each sample and samples were incubated for 4 h at 4°C. Afterwards, beads were washed 3 times with lysis buffer and the bound proteins were eluted by adding 50 μL 2× sample buffer (RotiLoad1, ROTH) and heating at 95°C for 10 min. SDS-PAGE was performed with 5 μg input of the whole cell extracts and 20 μL of the IPs.
Proteomics
Cultivation and transfection of HEK293T cells in SILAC medium
To identify new interaction partners of ACK1, we performed a quantitative proteomic analysis using a mass spectrometric method based on SILAC. Fig. 4A shows a scheme of the SILAC workflow. For SILAC labelling, cells were cultured either in heavy SILAC medium containing dialyzed FCS, L-glutamine and the isotopically labelled L- Fig. 1 . ACK1-dependent activation of STAT1 is counteracted by SIAH2 (A) Catalytically active ACK1 can induce a STAT1-dependent GAS-Luc reporter in HEK293T cells. Cells were transfected with the empty control vector pcDNA3.1, MYCtagged wildtype ACK1 (MYC-ACK1wt) or autophosphorylation-deficient ACK1 (MYC-ACK1kd); n = 3 ± SD. (B) Immunoblot detection of ACK1 in whole cell extracts of HEK293T cells transfected as noted; p38, loading control. (C) ACK1 binds STAT1. STAT1 IPs of HEK293T cells transfected as noted were analysed by immunoblotting for ACK1, pY701-STAT1 and STAT1 (IgG, irrelevant pre-immune control serum IPs). Please note that in whole cell extracts (inputs) of HEK293T cells transfected with constitutively active ACK1, ACK1 is co-detected by the p-STAT1 antibody. This does not influence the IP of STAT1, as the STAT1 antibody does not cross-react with ACK1. Cells cultivated in the presence of IFNα for 30 min serves as a positive control for phosphorylated STAT1. (D) SIAH2 blocks ACK1/STAT1-dependent activation of the GAS-Luc reporter in HEK293T cells transfected as stated; HA-tagged wildtype SIAH2 (HA-SIAH2), constitutively active ACK1 (MYC-ACK1ca), SIAH-binding deficient ACK1 (MYC-ACK1V909G); n = 3 ± SD; one-way ANOVA, Bonferroni's multiple comparisons test; ***P ≤ 0.001, ****P ≤ 0.0001. (E) Analysis of ACK1, HA-tagged SIAH2, pY701-STAT1 and STAT1 by immunoblotting in lysates of HEK293T cells transfected as stated; α-Tubulin, loading control. arginine (R10 = 13C6 15 N4) and L-lysine (K8 = 13C6 15 N2) or in light SILAC medium containing dialyzed FCS, L-glutamine and the natural amino acids L-arginine (R0) and L-lysine (K0).
HEK293T cells adapted to DMEM were cultivated for five doublings (~10 days) in R10K8 (heavy) and R0K0 (light) SILAC medium. After complete incorporation of light and heavy amino acids, light isotope labelled cells were transfected (PEI) with empty vector (pcDNA3.1) and heavy isotope labelled cells with the plasmid encoding MYC-ACK1ca. 48 h later, cells from each sample were harvested and lysed with modified RIPA lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% Na-deoxycholate) supplemented with protease-and phosphatase inhibitors. Protein concentrations were measured using the Bradford assay. A small amount of the lysates was saved for input (immunoblot).
IP of MYC-tagged ACK1
For IP, 500 μg of total protein lysate and 15 μL MYC antibodytagged beads (7.5 μg antibody, Clontech) were used. Sample volumes were adjusted to 500 μL with modified RIPA lysis buffer and incubated with MYC antibody-tagged beads overnight at 4°C on a vertical rotator. After 24 h, beads from light (pcDNA3.1) and heavy (MYC-ACK1ca) SILAC states were washed 4 times with lysis buffer. As the bound proteins were eluted with different lysis buffers, the beads were divided in a ratio of 1:2 for immunoblot and mass spectrometric analyses. As a negative control for the MYC IPs, we analogously prepared a further sample with 500 μg of total protein lysate and 7.5 μg IgG mouse.
For immunoblot analysis 50 μL 2 × sample buffer were added to the protein bound beads, which were subsequently heated at 95°C for 10 min. The samples were stored at −20°C until analysis.
For the mass spectrometric analysis, we combined beads from two independent MYC IPs. The fifth washing step with PBS was performed on the combined beads from light and heavy SILAC states followed by the addition of NuPAGE LDS sample buffer (Life Technologies) supplemented with 1 mM DTT. Proteins were eluted by heating at 70°C for 10 min and alkylated with 5.5 mM chloroacetamide for 30 min prior to loading on the SDS-PAGE and in-gel digestion. The label incorporation test was done with the cells prior to the IP.
Mass spectrometric analysis and peptide identification
Peptide fractions were analysed on a quadrupole Orbitrap mass spectrometer (Q Exactive Plus, Thermo Scientific) equipped with a UHPLC system (EASY-nLC 1000, Thermo Scientific) as described in [24] . Raw data files were analysed using MaxQuant (development version 1.5.2.8) [25] . Parent ion and MS2 spectra were searched against a database containing 88,473 human protein sequences obtained from the UniProtKB released in December 2013 using Andromeda search engine [26] . Spectra were searched with a mass tolerance of 6 ppm in MS mode, 20 ppm in HCD MS2 mode, strict trypsin specificity and allowing up to three miscleavages. Cysteine carbamidomethylation was searched as a fixed modification, whereas protein Nterminal acetylation and methionine oxidation were searched as variable modifications.
Verification of the interaction between ACK1-HSP90 by co-IP
IP of MYC-tagged ACK1 and HSP90 was performed as described before (see Section 2.9 and 2.10.2) with the following modifications: Cells were lysed with co-IP buffer (50 mM HEPES, 0.15 M NaCl, 1 mM EDTA, 0.5% NP-40, 40 mM β-Glycerophosphat, 1 mM DTT; pH 7,4) supplemented with protease-and phosphatase inhibitors. For IP of HSP90, 5 μg of anti-HSP90α/β antibody (sc-13,119) and 60 μL protein sepharose G beads were used. IP of MYC-ACK1 was carried out with 15 μL of MYC antibody-tagged beads. Precipitates formed with the antibodies were eluted with 50 μL (MYC-ACK1 IP) or 120 μL (HSP90 IP) of 6× sample buffer (375 mM Tris-HCl (pH 6.8), 12% SDS, 30% Glycerin, 500 mM DTT, 0,01% bromphenolblue) at 95°C for 10 min. SDS-PAGE was performed with 12.5 μg input of the whole cell extracts and 25 μL of the IPs.
Statistical analyses
For the experiments with HEK293T cells statistical analyses were carried out with one-way/two-way ANOVA and Bonferroni's/Dunnett's multiple comparisons tests. All analyses were performed with GraphPad Prism 6. For the experiments with ADC tissues statistical analyses comparing staining results IBM SPSS Statistics 22 was used. Percentage of positive tumour cells in different subgroups was compared by Mann-Whitney-U test (P ≤ 0.05: significant). 
Results
Catalytically active ACK1 triggers STAT1-dependent gene expression
We set out to investigate the interplay between ACK1 and STAT1. The GAS-Luc reporter measures the induction of STAT1-dependent gene expression [19, 20] . Transfection of HEK293T cells with wild-type ACK1 and the reporter led to an over 100-fold induction of the reporter (Fig. 1A) . The expression of ACK1 lacking catalytic activity (ACK1kd) did not induce the reporter. Hence, ACK1 activates STAT1 through its kinase activity. We verified the overexpression of both ACK1 variants by immunoblot (Fig. 1B) .
As the phosphorylation of STAT1 by its kinases requires proteinprotein interactions, we tested whether STAT1 and ACK1 could be coprecipitated. We overexpressed wild-type ACK1 and constitutively active ACK1 in HEK293T cells and isolated STAT1 by IP. We immunoblotted for the presence of ACK1, tyrosine phosphorylated STAT1 (p-STAT1, phosphorylated at residue Y701) and STAT1 in such precipitates (Fig. 1C ). We found that ACK1 and STAT1 could be co-precipitated. The cytokine Interferon-α (IFNα) did not promote an interaction between STAT1 and ACK1 (Fig. 1C) .
These data demonstrate that ACK1 can activate and interact with STAT1.
Inhibition of the ACK1-STAT1 signalling node by SIAH2
Next, we tested if the proteasomal elimination of ACK1 via the E3 ubiquitin ligase SIAH2 [13] could affect the ACK1-dependent activation of the GAS-Luc reporter. Overexpression of SIAH2 blocked the ACK1induced stimulation of the GAS-Luc reporter by wild-type and constitutively active ACK1 significantly (Fig. 1D ). Overexpression of an ACK1 mutant lacking the binding site for its E3 ubiquitin ligases SIAH1/SIAH2 (ACK1V909G) [13] also induced the reporter, but SIAH2 did not suppress this process (Fig. 1D) .
Whole cell extracts of these cells were immunoblotted against ACK1, p-STAT1 and STAT1. Phosphorylated STAT1 was detectable in lysates with overexpressed wild-type ACK1, ACK1V909G and constitutively active ACK1. Co-transfection of SIAH2 led to a reduction of ACK1, which was less pronounced for ACK1V909G ( Fig. 1E and see [13] ). While the SIAH2-dependent decrease of ACK1 was associated with a loss of p-STAT1, p-STAT1 was still detectable when ACK1V909G and SIAH2 were expressed together (Fig. 1E ). SIAH2 did not affect the levels of STAT1 (Fig. 1E) .
The lower activation of the GAS-Luc reporter by ACK1V909G compared to wild-type ACK1 (Fig. 1D) was not due to lower expression levels of ACK1V909G (Fig. 1E ), but rather an intrinsic lower activity of this ACK1 isoform.
These findings illustrate that ACK1 promotes STAT1-dependent gene expression, which can be blocked by the E3 ubiquitin ligase SIAH2.
ACK1 induces p-STAT1 and p-STAT3 and their accumulation in the nucleus
ACK1 phosphorylated endogenous STAT1 to levels that are detectable by immunoblotting of cell extracts (Fig. 1C ). We used a biochemical fractionation method to test for an accumulation of p-STAT1 in the nucleus. We transfected HEK293T cells with wild-type ACK1 or constitutively active ACK1 and separated the cells into cytoplasmic and nuclear fractions. These were then analysed by immunoblotting. We found that wild-type ACK1 and to a larger extent constitutively active ACK1 increased the phosphorylation of cytoplasmic STAT1 at Y701. This was associated with an accumulation of nuclear p-STAT1 ( Fig. 2A) . A minor portion of ACK1 located to the nucleus ( Fig. 2A) .
Since STAT1 and STAT3 are structurally related [3] , we also assessed if ACK1 could induce the phosphorylation of STAT3 at residue Y705 (p-STAT3). Indeed, constitutively active ACK1 and to a lesser extent wild-type ACK1 promoted the accumulation of p-STAT3 in cytoplasm and nucleus ( Fig. 2A) .
To check whether ACK1 levels correlate with increased phosphorylation of STAT3 at Y705 in vivo, we analysed primary ADC of the lung. We only examined ADC, because these tumours carry elevated levels of p-STAT3 and low levels of SIAH2 [27] . This analysis revealed that ADC samples were positive or negative for ACK1 and p-STAT3, respectively (Fig. 2B) . A subset of samples showed high levels of ACK1 which correlated with the phosphorylation of STAT3 (Fig. 2C) .
These data reveal that ACK1 induces the phosphorylation of STAT1 and STAT3.
ACK1 does not evoke DNA damage signalling
ACK1 can exert oncogenic properties and induces STAT1 [10, 11] . Oncogenes can induce replicative stress and DNA damage [27] , which may be associated with an activation of STAT1 [28] . Therefore, we investigated whether ACK1 could induce DNA damage. We transfected HEK293T cells with either wild-type or constitutively active ACK1. Lysates of these cells were immunoblotted for the phosphorylated form of histone H2AX (p-H2AX, phosphorylated at residue S139), which is a sensitive marker for replicative stress and DNA damage [27] . This experiment showed no evidence for a significant induction of p-H2AX after the transfection of ACK1 (Fig. 3A-B) .
To analyse whether DNA damage could stimulate the GAS-Luc reporter, we transfected HEK293T cells with this reporter and treated the cells with the DNA-damaging drug Doxorubicin. We were able to verify that conditions evoking DNA damage activated the GAS-Luc reporter. However, the extent of activation (Fig. 3C ) was distinctly less than with the transfection of ACK1 ( Fig. 1A and D) . These data suggest that ACK1 does not cause DNA damage.
Global analysis of ACK1 interaction partners
Having assessed that ACK1 activates the phosphorylation of STAT1, we examined which interaction partners of ACK1 might affect this signalling node. We transfected HEK293T cells with MYC-ACK1ca and immunoprecipitated this factor using antibodies against the MYC tag ( Fig. 4A ). Stable isotope labelling by amino acids (SILAC) was Fig. 4 . A proteomic approach to identify new interaction partners of ACK1 (A) Workflow of the mass spectrometric analysis of HEK293T cells transfected with pcDNA3.1 or MYC-ACK1ca. ACK1 interaction partners were identified based on a quantitative proteomic analysis, termed Stable Isotope Labelling by Amino acids in Cell culture (SILAC). (B) Scatter plot shows logarithmized SILAC ratios of all proteins quantified in the IP. Proteins indicated right from the dotted line are enriched > 2-fold in the ACK1/TNK2 IP compared to the empty vector IP (n = 2). HSP90AA1 corresponds to HSP90α and HSP90AB1 corresponds to HSP90β. (C) Interaction of HSP90 with ACK1. MYC-tagged ACK1 and HSP90 IPs from HEK293T cells were analysed by immunoblotting for ACK1 and HSP90α/β (n = 2). employed to distinguish specific interaction partners from background binders in the empty vector-transfected cells. Immunoprecipitated proteins were resolved by SDS-PAGE and digested in-gel with trypsin. Peptide samples were then analysed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) ( Fig. 4A) .
Among the proteins that were strongly enriched in MYC-ACK1ca IPs were known and putative novel interaction partners of ACK1 ( Fig. 4B and Supplementary Table S1 ). Heat shock proteins HSP90α and HSP90β were highly enriched in MYC-ACKca IPs in comparison to IPs performed with empty vector-transfected cells.
To verify the interaction between HSP90 and ACK1, we overexpressed MYC-ACK1ca in HEK293T cells and formed IPs with the HSP90α/β antibody or the MYC antibody-tagged beads. By Western blot, we tested for the co-precipitation of ACK1 or HSP90, respectively. This experiment verified an interaction between these proteins in both IP directions (Fig. 4C) .
These results illustrate that ACK1 and HSP90 interact reciprocally in HEK293T cells.
Relevance of HSP90 for ACK1-STAT1 signalling
Since HSP90 functionally interacts with ACK1 [15] , we investigated whether HSP90 affects the phosphorylation of STATs by ACK1. We transfected HEK293T cells with MYC-ACK1ca and treated the cells with the novel HSP90 inhibitor (HSP90i) AT13387 [17, 18] . This agent blocks the N-terminal ATPase site of HSP90 [17, 18] .
We chose a concentration of AT13387 that only slightly increased apoptosis and necrosis in HEK293T cell cultures ( Supplementary Fig.  S1 ). These doses of AT13387 reduced total ACK1, p-ACK1 and the ACK1-induced phosphorylation of STAT1 ( Fig. 5A-B) . Moreover, A-T13387 also attenuated the phosphorylation of STAT3 by ACK1 ( Fig. 5C-D) .
In sum, our data illustrate that active HSP90 is necessary for the phosphorylation of STAT1 and STAT3 by the SIAH target ACK1 (Fig. 5E ).
Discussion
Our work demonstrates that catalytically active ACK1 can promote the activation of STAT1 and STAT3. A degradation of ACK1 by SIAH2 as well as the pharmacological inhibition of HSP90 with AT13387 suppress the phosphorylation of STAT1 and STAT3. We summarize these new findings in Fig. 5E . We collected the data in a permanent human cell line and primary ADC samples. As methods, we used reporter gene assays, immunoblot, biochemical fractionation assays, IHC, and IP techniques.
It was previously reported that ACK1 could interact with overexpressed STAT1 in the human hepatoma cell line Huh7. The authors detected an ACK1-dependent phosphorylation of STAT1 when they enriched STAT1 by IP [10] . We show that an ACK1-dependent tyrosine phosphorylation of endogenous STAT1 can be detected in whole cell extracts of HEK293T cells. In addition, we demonstrate that ACK1 promotes the phosphorylation of endogenous STAT3 and the nuclear accumulation of p-STAT1 and p-STAT3. Congruent with these data, an inactivation of ACK1 with the tyrosine kinase inhibitor Dasatinib attenuates p-STAT3 [29] . Further studies will address whether ACK1 also phosphorylates STAT5, which is frequently dysregulated in ADC [30] .
Moreover, we note that an ACK1 mutant that lacks a SIAH degron motif (ACK1 carrying a V909G point mutation) is less sensitive to the SIAH2-mediated inhibition of STAT1 signalling. Curiously, compared to wild-type ACK1 such a molecule is a less active inducer of STAT1-dependent gene expression in the absence of ectopically expressed SIAH2. We speculate that a low basal proteasomal turnover of ACK1 promotes its ability to phosphorylate STAT1 and that a high level of SIAH2 pushes this equilibrium towards the proteasomal destruction of ACK1. However, we cannot rule out that an association of SIAH2 with ACK1 may target additional factors that build up the molecular machinery for STAT1-dependent gene expression.
The above data are consistent with the finding that SIAH2 targets ACK1 for proteasomal degradation [13] . We reported that SIAH2 was overexpressed in primary squamous cell carcinoma of the lung [31] and others verified this finding in an independent cohort [32] . This overexpression of SIAH2 is associated with a reduced expression of TYK2, attenuated phosphorylation of STAT3, and a lower expression of its target matrix metalloproteinase-1 [31] . Therefore, SIAH2 may target ACK1 and consequently the phosphorylation and activation of STAT1 and STAT3 in lung cancer. The relevance of this finding could be identified in vivo and may be more complex than anticipated. While STAT3 can be a poor prognostic factor in lung cancer patients [33] , STAT3 can equally act as tumour suppressor in lung and prostate cancer cells [34, 35] . Furthermore, SIAH2 and ACK1 may control prostate cancer cell growth [12, 14] through their antagonistic regulation of STAT-dependent gene expression.
Earlier studies revealed an interaction between HSP90β and ACK1 [15] . In the proteomic approach, we show that ACK1 associates with HSP90α and HSP90β. Additionally, we confirm the existence of a HSP90-ACK1 complex with co-IP experiments. We further analysed whether an inhibition of HSP90 affected the expression of ACK1 and the activation of STATs. We reveal that the HSP90i AT13387 diminishes ACK1 phosphorylation and its expression after 24 h. Apparently, inhibiting HSP90 leads to a disruption of the ACK1-STAT1 and ACK1-STAT3 signalling nodes due to a dephosphorylation and destabilization of ACK1. Consistent with these data, the HSP90i Geldanamycin abolished the phosphorylation of constitutively active ACK1 in the prostatic adenocarcinoma cell line LNCaP after 8 h [15] . In this experiment, the levels of ACK1 were not significantly lowered [15] , which is likely due to the shorter incubation time with the HSP90i.
Notably, Geldanamycin treatment can strongly attenuate ACK1driven LNCaP cell tumourigenesis in vivo [15] and epigenetic drugs of the histone deacetylase inhibitor family induce a caspase-dependent cleavage of ACK1 and a loss of p-STAT3 in leukemic cells [22] . Moreover, as ACK1 is able to promote tumour growth by regulating tumour suppressors (WWOX) and pro-survival factors (AKT) [15, 36, 37] , ACK1 interacting partners and the regulation of STAT signalling by ACK1 appear as promising targets for cancer drug development. Such strategies might be appreciated in light of the fact that recent data illustrate an overexpression of ACK1 and its association with a worse patient outcome, e.g., in pancreatic cancer [30] , hepatocellular carcinoma [38] , stomach cancer [39] , colon cancer [40] and breast cancer [41] . AT13387, which is currently the most potent inhibitor of the Nterminal ATP site of HSP90, is active against lung cancer cells in vitro and in vivo [42] . The reduction of the ACK1-STAT3 signalling axis by this agent may serve as a novel pharmacodynamic marker for HSP90 inhibition. In addition, others found that inhibition of HSP90 attenuates the phosphorylation of STAT3 in autosomal dominant polycystic kidney disease [43] . This finding supports our results, which may have broader implications.
Conclusions
This work reveals that active ACK1 induces STAT1-dependent gene expression. ACK1 phosphorylates both STAT1 and STAT3. Furthermore, a reduction of ACK1 through an interaction with SIAH2 attenuates p-STAT1. Inhibition of HSP90 with AT13387 diminishes the activity of ACK and thereby the levels of p-STAT1 and p-STAT3. Thus, targeting HSP90 is a feasible approach to regulate ACK1-STAT1/STAT3 signalling.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.cellsig.2017.07.014. Fig. 5 . HSP90 promotes the phosphorylation of STAT1 and STAT3 by ACK1 (A) Cytoplasmic extracts of HEK293T cells transfected with pcDNA3.1 or MYC-ACK1ca were treated with 0.5-1 μM AT13387 and analysed by immunoblotting for pY284-ACK1, ACK1, pY701-STAT1 and STAT1; HSP90 and α-Tubulin, loading controls. (B) Densitometric evaluation of p-ACK1 and p-STAT1 normalized to total ACK1. Untreated samples with MYC-ACK1ca were set as 1; AT, AT13387; n = 2 ± SD; one-way ANOVA, Dunnett's multiple comparisons test; *P ≤ 0.05, **P ≤ 0.01. (C) Detection of ACK1, pY705-STAT3 and STAT3. (D) Quantification of p-STAT3 normalized to ACK1; n = 2 ± SD; one-way ANOVA, Dunnett's multiple comparisons test; *P ≤ 0.05. (E) Graphical abstract: Active HSP90 is necessary for activation of STAT1 and STAT3 by ACK1. See text for further details.
